Abstract An increased interest in polymer optical fibers can be observed in the last years. One of the main problems in the technology of these fibers is achieving good optical and thermal stability of used polymer materials. This paper presents a series of manufactured poly(methyl methacryalte) samples which quality was investigated using the physical sorption and the thermogravimetry methods. Studies were carried out to optimize the composition of the starting mixtures used to obtain proper polymer optical fibers.
Introduction
An increased interest in polymer optical fibers can be observed in the last years. This is due to the differences in properties between them and the silica glass optical fibers. Silica optical fibers, for telecommunication applications, have a relatively small diameter, usually 125 lm, to allow them to be flexible despite their inherent brittleness (Griffith 1920) . On the other hand the fibers' small diameters cause many problems in terms of coupling and connecting with each other. Polymer optical fibers can be produced with relatively large dimensions, which greatly simplifies coupling. Unfortunately polymer optical fibers have a higher attenuation, due to increased scattering. As opposed to longdistance links, where the attenuation and dispersion effects are critical, short distance networks require more flexibility, easiness of handling, and low-cost connections. Due to their unique features such as low-processing temperatures and great compatibility, which allow for the doping of a wide range of organic materials of special properties, polymer optical fibres (POFs) may acquire special functionalities for various applications in photonics, material science, medicine, optical sensing, optical spectroscopy, etc. (Peng and Chu 1999) . Moreover due to a much lower Young's modulus and much higher thermo-optic coefficient of poly(methyl methacryalte) (PMMA) (Large et al. 2009 ), Bragg gratings written in PMMA POFs have great potential for sensing temperature and strain with higher sensitivities and wider tunability than its silica counterpart (Large et al. 2009; Liu et al. 2001 Liu et al. , 2005 Carroll et al. 2007 ). Fiber bragg grating (FBG) a periodic refractive index modulation within a short length of core section in an optical fiber, works as an array of mirrors which reflects transmission light that satisfies the Bragg condition (Kersey 1996; Du et al. 1998) . Furthermore rapid technological progress can substantially reduce the attenuation, even for 25 dB km -1 over the wavelength range of 650-1,300 nm for graded index polymer optical fibers (Im et al. 2002) .
In order to obtain a polymer optical fiber with the desired properties, it is necessary to prepare specific preforms from which optical fibers are drawn or extruded. POFs are most commonly made from PMMA, which is produced by the polymerization of methyl methacrylate. Pure PMMA is a shiny, amorphous polymer with a very good visible light transmittance of 90-92 %. The UV transmittance is approximately 70 %, which is much higher than in ordinary glass. However POFs good optical properties can be easily reduced, because of their brittleness. In order to increase the resistance of PMMA to external factors, methyl methacrylate is subjected to copolymerization with other monomers, or covers the surface of the fluorocarbons. PMMA has favorable rheological properties for drawing the fibre from preform. The glass transition temperature for PMMA homopolymer is 105°C. The drawing can be done at reasonable temperatures of 175-220°C, depending on the composition. These properties make the direct extrusion process also possible (Dobrosz and Matysiak 1990; Harlin et al. 2002) .
Technological problems of polymerization process depend mainly on the optimization of reaction conditions and speed. Special restrictions here are technical issues including the dissipation of heat during the reaction and the viscosity of the product. Studies on the optimization of the method of obtaining preforms were carried out in the Laboratory of Optical Fiber Technology at Maria Curie-Sklodowska University in Lublin for several years. In this paper problems that arise during the course of thermal polymerization process will be attempted to explain using results concerning the mesopores size and the sample mass loss occurring with the increase of temperature.
Experimental

Materials
Series of preforms, in which the basic component was methyl methacrylate (ALDRICH), were made. Before use, MMA was purified. Very important issues, significantly affecting the properties of the fibers, are the impurities present in the raw materials used in their production. Therefore it is important, that the raw materials were cleaned as much as possible. Impurities (both substrate and undesirable inhibitor, that was added in order to prevent pre-process of autopolymerization of methyl methacrylate) were removed by distillation. The process was carried out under reduced pressure, in which MMA does not change its properties-does not decompose, nor polymerize. The initiator benzoyl peroxide (ALDRICH), which was also purified before its use, and chain transfer agent thioglycolic acid (TGA) (98 % ALDRICH) were used in thermal free radical polymerization of the preforms. Chemical structures of the methyl methacrylate, thioglycolic acid and benzoly peroxide are presented in Fig. 1 .
In the fiber optic technology two methods of polymerization are used-thermal and photopolymerization. The course of the reaction, essentially, takes place in the same way, with the main difference being the source of initiation. Due to the crosslinking of the polymer during photopolymerization, this technique is not used in the production of polymeric fiber preforms. The problem of a suitable polymerization process occurs at the very beginning of the polymerization reaction, namely, the appropriate initiator. Commonly used initiators are di-tert-butyl dicarbonate, di-tert-butyl peroxide, azo-bis-izobutyronitryle and benzoyl peroxide, each of which is reactive with a variety of temperature ranges. After selection of a suitable thermal curing process, there is still a problem with the products of the initiation step of the polymerization reaction. Figure 2 presents the thermolysis of the initiator used in our experiment. It can be seen that the product of decomposition of the initiator is a radical initiator and the gas molecule. The same situation, with the emission of various gases concerns the other initiators. Our study analyzes the course of thermal polymerization and possible polymer structure problems resulting from, among others, the presence of gases that arise during the reaction course.
Curing procedure
A series of compositions with MMA as the basic component, benzoyl peroxide (with excitation temperature ranging from 40 to 90°C) as the initiator and thioglycolic acid as the chain transfer agent were prepared (Table 1) . After mixing the mentioned ingredients, all of the compositions were prepolymerized, and subsequently the appropriate curing process was applied. The thermal polymerization was carried out in a test tube with an inner diameter of 14 mm. The process was carried out in an oven under vacuum. The temperature was increased gradually from 25 to 110°C in 2 days until the solidification was fulfilled.
After polymerization all of the tested samples were powdered.
The molecular weights of the resulting polymers were determined by measuring the viscosity of liquids using an Ostwald capillary viscometer, in which the liquid flows through the capillary tube under the influence of the hydrostatic pressure difference between the two arms. , a dynamic atmosphere of helium (40 mL min -1 ) in the temperature range of 40-600°C, sample weight of about 10 mg, sensor thermocouple type S TG-DSC. An empty Al 2 O 3 crucible was used as a reference.
The identification of a gas composition coming out during the decomposition process was detected and analyzed by a quadrupole mass spectrometer QMS 403C Aëolos (Germany) as well as an FT-IR spectrometer Brucker Tensor 27 TGA 585 (Germany) coupling on-line to the STA instrument. The mass spectrometer was connected on-line to the STA instrument by a quartz capillary heated to 300°C. The QMS was operated with an electron impact ionizer with energy 70 eV. The measurements performed in the scan mode for m/z, where m is the mass of molecule and z is a charge of the molecule in electron charge units in the range from 10 to 180 amu, allowed to identify all possible volatile species produced during the decomposition. The FT-IR spectrometer with an IR cell maintained at 200°C was connected on-line to the STA instrument by a transfer line evolved gases from TGA to the FT-IR with diameter of 2 mm heated to 200°C. The FT-IR spectra were recorded in the spectral range of 600-4,000 cm -1 with 16 scans per spectrum at a resolution of 4 cm -1 . Characterization of the pore structure of the samples was performed on the basis of low-temperature nitrogen adsorption-desorption isotherms measured on a sorptometer Quantachrome Autosorb iQ. Prior to the adsorption measurements, the samples were degassed in vacuum at 100°C for 2 h. The surface area was calculated with an BET method. Measurement error in the nitrogen adsorption was 5 %. The S BET (Brunauer et al. 1938 ) surface area was assessed within the range of relative pressures from 0.05 to 0.3. The total pore volume (V t ) was calculated by measuring the amount of liquid nitrogen adsorbed at a relative pressure p/p 0 = 0.99. The average pore diameter (d) was calculated from:
3 Results and discussion
The addition of moderator limits the growth of the polymer chain. Furthermore the increase of its concentration in the test compositions, causes a decrease in the molecular weight of the obtained polymers. The aim of this study was to determine the effect of the moderator in the thermal polymerization reaction, including the amount and type of gas molecules occluded, its effect on the thermal resistance and the degree of polymerization of the polymers obtained. Based on thermogravimetric studies it was determined at which temperature there is a weight loss, and how quickly it occurs. Tables 2, 3 , 4 show the temperature of weight loss determined for each preform. Based on the data included in Tables 2, 3 , 4 and, the analysis of physical and chemical changes were made. First, noticeable by the measuring apparatus, weight loss occurred for all samples around 149-166°C, but it should be noted that for the sample no. 30A (0.6 w/w % moderator) this temperature was 117°C and for the sample no. 26B (0.4 w/w % moderator)-166°C. In the range of 0.01-0.05 w/w % weight loss an increase in weight loss, for all tested mixtures, was equally steady and in the range of 1-3 %. In the range of 0.1-0.5 w/w % weight loss a similar pattern can be observed. For the sample no. 30A already at 130°C there was 0.1 % weight loss, while for the sample no.26B the same value of weight loss falls within the temperature of 168°C.The latter analyzed range of weight loss (Table 4 ) concerns temperatures at which polymer optical fibers are usually drawn (typically 220°C). Therefore the initial decomposition temperature is the most important temperature in this area, as it determines the temperature at which the fiber drawing process definitively must begin. On this basis, we conclude that the sample (no. 30C) decomposition starts at a high temperature with the lowest loss of weight. However, the sample containing 0.3 w/w % moderator starts decomposition at the lowest temperature with high weight loss. For all analyzed mixtures the temperature showing half of the distribution of the sample and the total decomposition, are comparable. Also comparable, for all tested samples, is the amount of energy emitted during proper stage of decomposition, as measured by differential scanning calorimetry. The issue should be considered in two aspects. First, the higher temperature and less weight loss, the better the sample is cured. Thus, the smaller amount of occluded molecules of volatile substances can be generated under the influence of temperature. The second aspect concerns the situation where the present volatiles and unpolymerized MMA particles evaporate at the lowest temperature possible, allowing them to get rid of the preform at a temperature lower than the temperature of the polymer optical fiber drawing.
Based on the TG derivative curve, information about the decomposition stages of the tested polymers was obtained. Most of the samples show two-step decomposition. The first stage occurs at temperatures of up to 230°C, the maximum of this stage falls somewhere about to 180°C for each sample. The second stage above 230°C is a proper decomposition stage of the sample. Only the sample no. 30C shows the three-step decomposition, which may indicate a heterogeneous polymer structure. It can be presumed that in this case, the separation of the stage of volatiles evaporation (including MMA), evaporation or depolymerization of PMMA and proper samples decomposition take place.
The analysis of the composition and the temperature of functional groups appearance which are the part of the substances were made on the basis of FT-IR spectroscopy (Figs. 3, 4) . The spectral range within 1,300-1,050 cm -1 corresponds to the stretching vibrations of C-O methyl ester and the rotational vibration of the methyl ester -CH 3 (Borowski et al. 2012; Shahzada and Sharif 2007) (Fig. 3) . For all samples the increase of the absorption within this range for the two temperature ranges is observed, which corresponds to the decomposition stages read from the TG derivative curve. These ranges are about 140-260°C, where the maximum occurs at *200°C, and the second maximum occurs in the range of 270-520°C, with an absorption maximum at 390°C. Only sample no. 30C shows a three-stage emission of these groups (150-230°C, 230-280°C, 280-520°C), the same as it was in the case of thermogravimetric studies, indicating the three stages of decomposition. A similar trend is observed on FT-IR spectra for the stretching vibration of the carbonyl group of the methyl ester which characteristic broad band is within the range 1,800-1,700 cm -1 (Fig. 4) . At a wavelength of 1,639 cm -1 , the presence of C=C groups is probably observed, originating both from the unpolymerized MMA molecules and from PMMA depolymerization. The increase of the band intensity at this wavelength behaves in similar trend, as occurred in the case of stretching vibrations of C-O groups and the methyl ester carbonyl group. The results of mass spectroscopy analysis complement and confirm the results obtained by means of FT-IR spectroscopy. Figure 5 and 6 shows the distribution of ions coming from the MMA (Fig. 5) and ions indicate the presence of fragments derived from MMA containing double bonds in their structure (Fig. 6) . In both cases, it can be seen that for the samples containing the lowest concentration of the moderator (no. 30B and no. 30C) ions occur at substantially low temperatures. Therefore it must be concluded that these samples have the worst properties. On the other hand, in the samples where the concentration of the added moderator was 0.7 and 0.8 w/w %, these ions occur at higher temperatures and these samples exhibit better properties.
Due to the fact that in the technology of optical fibers the important range of temperatures falls from the beginning of the process to a temperature of about 300°C only this temperature range was included in the figures.
The internal structure of the polymer preform obtained in the thermal polymerization of the polymer, especially lack of the defects such as the porosity in the linear polymer network, is extremely important. Therefore, the low-temperature N 2 adsorption/desorption was also measured (Table 5) .
As it can be seen, the polymer sample no. 30A obtained at the moderator concentration of 0.6 w/w % possesses the smallest surface area and the pore size diameter. Therefore, one can conclude that this sample exhibits the best linear structure. These findings are confirmed by the results of the thermogravimetric analysis and the spectroscopic measurements. Further research will be held to examine on how changing the concentration and type of the added initiator, affects the structure of the resulting polymer. On this basis, it will be possible to optimize the composition of the starting mixtures, and methods of thermal polymerization, in view of the molecular weight of the obtained polymer preform.
Conclusion
The aim of this work was an investigation of the effect of the moderator concentration on the course of the thermal polymerization. Analyses show that it has an effect on the reaction temperature. The differences in the structure of the resulting polymers can be seen. With the increase in the concentration of the moderator decrease of the adsorption properties can be observed. On the basis of this analysis it was found that samples with a moderator concentration of 0.8 and 0.6 % exhibit better properties than those with the moderator concentration of 0.3 and 0.4 %. It has been also confirmed by the thermogravimetric tests, where samples containing the highest concentration of moderator show the lowest mass loss and the highest initial decomposition temperature and also by the fact that only for the highest moderator concentration the optical fiber was drawn. 
